Background: FUS1/TUSC2 is a novel tumor suppressor located in the critical 3p21.3 chromosomal region frequently deleted in multiple cancers. We previously showed that Tusc2-deficient mice display a complex immuno-inflammatory phenotype with a predisposition to cancer. The goal of this study was to analyze possible involvement of TUSC2 in malignant pleural mesothelioma (MPM) -an aggressive inflammatory cancer associated with exposure to asbestos.
Background
Malignant Mesothelioma (MPM) is one of the most aggressive and devastating tumors, with a median survival of 10-12 months. MPM is a highly proliferative and locally invasive cancer that rapidly engulfs the pleural cavity, destroys normal lung structure, and results in cardiopulmonary compromise and progressive pain [1] . It is estimated that more than 90% of MPM cases are linked with exposure to asbestos [2] . Lodged asbestos fibers irritate mesothelial or pulmonary tissue causing chronic inflammation, and in the thorax, this persistent inflammation may eventually result in MPM or lung cancer [3] . Treatment of MPM with conventional therapies has proven to be largely unsuccessful [4] . Being an intrinsically drug resistant tumor, MPM shows only partial response to a combination of pemetrexed (Alimta) and cisplatin in ~41% of patients [5] . Animal studies, however, have demonstrated that MPM may respond to immunotherapy [6] [7] [8] . Thus, there is an urgent need to develop new effective therapies based on the knowledge of the key immunoregulatory molecules that could potentially suppress MPM growth.
Tumor suppressor genes (TSGs) play a major role in the pathogenesis of human cancers. Recurrent loss of heterozygosity in the 3p21.3 chromosomal region, as well as homozygous deletions and epigenetic inactivation of this area are observed in early stages of lung, breast, ovarian, liver, cervical, and other cancers suggesting a critical role for one or more genes that reside in 3p21.3. The products of these genes may act as "gatekeepers" in the molecular pathogenesis of common epithelial cancers [9] [10] [11] [12] [13] [14] . FUS1 (TUSC2) was first characterized by us as a gene located in the minimal ~120 kb common area of loss in 3p21.3. The TUSC2 gene product is a small, basic, soluble, globular, and highly conserved protein, which is expressed in a variety of cell types. We have demonstrated that the TUSC2 protein resides mostly in mitochondria [15] . The high expression of Tusc2 during mouse embryogenesis and, specifically, in mouse embryonic stem cells (ESC) http://www.ncbi.nlm.nih.gov/sites/entrez suggests that TUSC2 has the potential as a cancer-causing gene. The tumor suppressor property of TUSC2 was confirmed experimentally [16] [17] [18] [19] on lung cancer cell lines in vitro and on xenograft mice in vivo. Intratumoral and intravenous injections of TUSC2 into mice bearing xenografted A549 lung cancer resulted in significant inhibition of tumor growth and metastases. The biological function of the TUSC2 protein, however, is unknown and little data exist on the TUSC2-dependent signal transduction pathways. Most recently, TUSC2 was associated with the c-Abl/ p53 pathway [20, 21] . It has also been demonstrated that exogenous expression of TUSC2 using a nanoparticlemediated gene transfer technique sensitizes NSCLC cells to cisplatin, resulting in a 4-to 6-fold increase in the TUSC2 tumor suppressor activity. The effect of TUSC2 on chemosensitivity was associated with down-regulation of MDM2, accumulation of p53, and activation of the Apaf-1 apoptotic pathway [22] .
We have recently demonstrated that genetically modified mice lacking one or both copies of the Tusc2 gene develop an autoimmune disorder with an inflammatory background, and produce tumors at the sites of chronic inflammation [15] . These findings prompted us to investigate possible involvement of TUSC2 in human inflammatory cancers. Since MPM is one of the malignancies clearly linked to chronic inflammation induced by asbestos, we asked whether TUSC2 deficiency could be observed in clinical specimens of MPM at the DNA, mRNA and protein levels. In order to analyze the possible mechanisms of TUSC2 expression modulation, we studied genomic copy number variation in the TUSC2 locus using Representational Oligonucleotide Microarray Analysis (ROMA) and investigated a possible link between asbestos exposure and this gene expression. To better understand the role of TUSC2 in MPM, we performed Affymetrix microarray profiling of MPM cells transfected with the TUSC2 transgene and correlated these data with previously produced microarray profiles of clinical specimens of MPM to identify clinically relevant TUSC2 targets.
Results

Expression of TUSC2 mRNA is down-regulated in a large proportion of MPM tumors
To find out whether TUSC2 mRNA expression is modulated in MPM we analyzed its expression in tumors of different histology, stage, and clinical behavior by semiquantitative RT-PCR. For this study, we used a set of 30 matched specimens of unaffected peritoneum and MPM tumors. We found that TUSC2 is down-regulated in ~83% (25 out of 30) of MPMs as compared to matched normal mesothelium (see representative panel in Fig. 1A ). We demonstrated as well that TUSC2 expression is independent of the disease histology and stage (data not shown) suggesting that TUSC2 down-regulation may be an early event in mesothelioma development.
Down-regulation of the TUSC2 protein in MPM specimens
Our set of MPM specimens used for immunohistochemical studies included epithelial, sarcomatoid, and mixed (biphasic) histological types. We used specific anti-TUSC2 antibodies successfully tested previously on a set of human lung cancer samples [19] . We pooled the sarcomatoid and biphasic tumors in one group based on their common sarcomatoid component ( Table 1 ). The TUSC2 protein was localized in the cytoplasm of tumor cells. Overall, ~88% (53 out of 60) of epithelial and ~80% (36 (20) out of 45) of biphasic/sarcomatoid MPMs showed low or intermediate levels of TUSC2 expression (S1). We noted that the difference between the epithelial and sarcomatoid/biphasic types was not statistically significant (p = 0.09). Overall, MPM specimens showed lower scores and levels of TUSC2 expression as compared to normal mesothelium that was scored at a 280-300 intensity level ( Fig.  1B) . Specifically, most MPM tumors including stage I (89 out of 105, ~85%) had a score of < 220, which was never associated with normal mesothelial tissue pointing to down-regulation of the TUSC2 protein in MPM. As above, no correlation with the stage was observed.
Down-regulation of TUSC2 expression inmesothelioma
The TUSC2 locus is frequently deleted in MPM tumors
Decreased TUSC2 expression in ~83% of MPMs prompted us to seek possible mechanism(s) of its down-regulation. DNA copy number alteration (CNA) data generated previously by ROMA on 22 MPM specimens compared with normal human DNA isolated from fibroblasts [23] were processed using the ACE (analysis of copy errors) algorithm available from CGH-Explorer [24] , and plotted across chromosome 3 (Fig. 1C ). We found that a ~1.5-6 Mb TUSC2-containing 3p21.3 region was under-represented in 8 out of 22 samples analyzed (~36%) and identified the boundaries of the characterized deletions in individual patients ( Fig. 1D ). Analysis of different tumor stages implied that the 3p21.3 deletion in MM is a frequent event in stages 2 and 3 but could also be detected as early as stage 1 (one out of five stage 1 patients studied showed the deletion).
TUSC2 expression is decreased upon asbestos exposure
While TUSC2 allelic loss documented in ~36% of MPM patients is an important observation, it is not sufficient to explain the fact that up to ~83% of analyzed MPMs showed a decrease in the TUSC2 mRNA level. Since MPM is an asbestos-induced malignancy of the mesothelial layer, we hypothesized that TUSC2 expression could be modulated in normal mesothelial cells by asbestos exposure. We treated Met5A and primary peritoneal mesothelial cells with asbestos and analyzed TUSC2 level by semiquantitative RT-PCR. Invariably expressed PPIA was used as a loading control. We found that TUSC2 was down-regulated by asbestos ( Fig. 2A , bar 2) in both types of mesothelial cells suggesting that one of the stimuli that may cause TUSC2 decrease in MPM is exposure to asbestos.
ROS scavengers prevent asbestos-induced TUSC2 downregulation
Studies on animal models and cell cultures confirmed that asbestos fibers generate reactive oxygen species (ROS) [25] . Hence, we asked if the observed asbestos-dependent TUSC2 suppression was due to asbestos-generated ROS. Pretreatment of the cells with catalase (a specific H 2 O 2 scavenger) or superoxide dismutase SOD (a specific super-oxide anion O 2scavenger) negated TUSC2 downregulation ( Fig 2B, bars 3 and 4 ). The results of these experiments provide a link between asbestos exposure, asbestos-generated ROS, and modulation of TUSC2 expression in mesothelial cells.
Transcriptional changes triggered by TUSC2 overexpression in mesothelioma cells
We previously demonstrated on the mouse model that TUSC2 may affect mRNA levels of certain genes, such as IL15 [15] . To provide insight into the molecular basis of putative TUSC2 tumor suppressor activity in MPM and perform genome-wide analysis of TUSC2 transcriptional effects, we took advantage of human epithelioid MPM H2595 cells produced in our laboratory [26] . Since TUSC2 is commonly suppressed in MPM (see above) we used forced expression of TUSC2 to identify its targets. Analysis of these microarray data produced 228 probes corresponding to 195 genes modulated at least 2-fold by TUSC2 as compared to empty vector-transfected H2595 cells. We then performed biological profiling of TUSC2 targets using Xenobase software [27] for hypergeometric analysis of Gene Ontology annotation http://www.gene ontology.org/. These analyses identified groups of genes involved in organization of chromatin structure, cell differentiation, cell cycle, and immune system regulation ( Table 2 ). Other statistically significant GO groups included 'intra-and inter-cellular signaling', 'molecular synthesis and metabolism', and 'homeostasis and secretion' categories. These findings suggest that TUSC2 activities may be related to vital cellular processes that are commonly affected during malignant transformation. Using NCBI annotation we then identified among the TUSC2 targets multiple genes previously associated with tumorigenesis ( Table 3) . Consistent with the TUSC2 tumor suppressor role, 21 genes with anti-tumorigenic properties including BCL211, FOXN3, GAS1, and NME5 were up-regulated by TUSC2. On the other hand, 20 protumorigenic factors with JUN, ETS1, MALAT1, ATF3, and LOX among them were down-regulated. These microarray data were validated by semi-quantitative RT-PCR on several genes representing different functional groups (Fig. 3A ).
To validate these TUSC2-dependent transcriptional changes we overexpressed TUSC2 in four additional MPM cell lines and performed RT-PCR evaluation of several potential TUSC2 targets. Despite high intra-individual variation typical for mesothelioma [24] we were able to confirm all seven gene-candidates in at least two cell lines ( Fig. 3B ). Moreover, expression of SKIL, a negative regulator of TGF-beta signaling [28] , and EGR1, a potent transcription factor with a dual role in tumorigenesis [29] , was modulated upon TUSC2 introduction in 4 out of 5 tested MPM cell lines.
To assess clinical significance of newly identified TUSC2 targets we used our previously produced MPM expression array data set (30 MPM and 7 control specimens) and found that more then 21 genes down-regulated by TUSC2 in H2595 were up-regulated in clinical specimens of MPM and, vise versa, 24 genes up-regulated by TUSC2 in H2595 were suppressed in MPM with significant p-values ( Fig. 4A and Table 4 ). The plots that illustrate expression of some of these genes in MPM are shown in Fig. 4B and 4C. Overall, these data imply that up to ~23% of cancer-associated TUSC2 targets may contribute to MPM progression and serve in future as novel therapeutic targets.
Our previous data produced on Tusc2 KO mice suggested that TUSC2 is an important regulatory component of immune system, which is able to stimulate IL-15 expres-sion as well as maturation of NK cells and lymphocytes [15] . In agreement with the mouse KO data, one of the multiple targets modulated by TUSC2 in MPM cells was IL15 that was 2-fold up-regulated by FUS1 introduction.
Other genes previously associated with the immune system included IL11 (4-fold down-regulated by TUSC2), CD24 and CD274 ( (Table 5 ). Noteworthy, expression of most of them (marked with asterisks) was specific to immune tissues TUSC2 expression is regulated by asbestos and reactive oxygen species and cells and seemed to be dependent on the activation status and cell type. At this time, the function of many of these genes is not yet known. Overall, our results imply that TUSC2 plays critical roles in cell cycle progression, cell differentiation, and immune system regulation, and that its downstream targets may provide important insights previously unknown molecular mechanisms and pathways involved in cellular defense against cancer.
TUSC2 similarity to the IRF7 DNA-binding domain
Prominent transcriptional effects triggered by TUSC2 over-expression in MPM suggested that it may function as an essential transcriptional regulator. In this study, we therefore analyzed in more detail the similarity between the TUSC2 and IRF7 proteins that we reported previously [15] . As shown in Fig. 5A , the N-terminus of TUSC2 displays similarity with the DNA-binding domain of IRF7.
Multiple alignment performed within the IRF family using TCoffee http://www.tcoffee.org/ helped us to identify evolutionary conserved amino acid residues in this domain. Noteworthy, most of the TUSC2 amino acid residues in this area follow the functional conservation pattern including the only invariable residue Arg96 (shown with asterisk in Fig. 5A ). The similarity with the IRF7 DNA-binding domain is consistent with the observed TUSC2 effects on immune genes. In addition, our in silico analysis confirmed the presence of IRF and NF-kB-binding sites in the promoters of newly identified TUSC2 targets (data not shown). Mutational analysis of the putative DNA-binding TUSC2 domain is required, however, to answer if TUSC2 is a bone fide transcriptional regulator.
Discussion
TUSC2 resides in the critical ~120 kb region that is often deleted in lung, breast, head and neck, renal, and other cancers [10] . While studies on lung cancer cell lines revealed a limited (~4%) frequency of mutations in the TUSC2 gene [10, 16] and infrequent methylation of its promoter [16] , large-scale analysis of TUSC2 expression in lung cancers and in bronchial squamous metaplastic and dysplastic lesions have revealed significantly lower levels of TUSC2 as compared to normal hyperplastic epithelia [30] . These data suggest that TUSC2 down-regulation may play an important role in early pathogenesis of lung cancer.
Targeted disruption of the Tusc2 gene in mice that our group performed previously resulted in a complex immunological autoimmune phenotype with an inflammatory background and recurrent tumorigenesis at the sites of chronic inflammation [15] . Based on these data, we hypothesized that TUSC2 down-regulation may contribute to the development of human cancers associated with chronic inflammation. One such cancer is mesothelioma, an aggressive and mostly lethal malignancy linked with asbestos exposure. Our analysis of the TUSC2 mRNA and protein levels in MPM as compared to normal peritoneum confirmed the decrease in TUSC2 level in ~84% of tumors irrespective of stage and histological type. This observa- Hypergeometric P-values define probability of involvement of potential TUSC2 in listed biological processes. Only statistically significant (p ≤ 0.05) associations are shown. tion suggests a fundamental importance of TUSC2 downregulation for MPM origin and progression. Incomplete TUSC2 down-regulation shown in our study is consistent with the haploinsufficient effect of the gene observed in our mouse KO model. Indeed, mice hetero-or homozygous on the Tusc2 deletion shared similar immunological and tumorigenic phenotypes at comparable frequencies. These data suggest that even partial loss of the TUSC2 dosage is sufficient to trigger pathological inflammation and increase susceptibility to cancer [15] .
RT-PCR validation of TUSC2-dependent changes in H2595 for selected genes
We considered several possible scenarios of TUSC2 inactivation in MPM. Since importance of LOH in the TUSC2 chromosomal area had been demonstrated for multiple cancers [10, 16] , we performed analysis of DNA copy number variation in the 3p21.3 region in MPM tumors. We found that deletion of the TUSC2 locus is a recurrent event in MPMs (~36%) substantiating the idea of LOH as a principal and clinically relevant mechanism of TUSC2 inactivation in MPM.
We then hypothesized that down-regulation of TUSC2 expression may be also triggered by carcinogenic stimuli.
Since the principal role of asbestos in MPM has been supported by many independent studies we investigated if TUSC2 expression can be affected by exposure to asbestos. We found that the TUSC2 expression level was decreased in both types of tested mesothelial cells upon 24 h of asbestos exposure, further corroborating the link between TUSC2 and MPM. Moreover, we showed that a short pretreatment of cultured mesothelial cells with ROS scavengers completely abrogated the asbestos effect. This observation suggests that the suppressive effect of asbestos on TUSC2 expression is mediated via ROS. Indeed, generation of ROS by asbestos was documented in many studies [25] . A yet another source of ROS that may keep the TUSC2 level down in normal and malignant tissues are inflammatory cells attracted to the site of asbestos lodging [31] . We previously showed that TUSC2 is expressed in Tand B-cells and is involved in the Natural Killer (NK) cells maturation and function [15] . Therefore, down-regulation of TUSC2 in NK cells and other tumor-infiltrating lymphocytes by ROS may help cancer cells to escape immune suppression. Finally, since hypoxia is one of the most common physiological conditions during tumor growth we sought evidence of TUSC2 hypoxic link. As a result, we found in the NCBI Gene Expression Omnibus several experimental assays performed on different cell types that consistently showed TUSC2 mRNA suppression by hypoxia (see records GDS2759, GDS2018, GDS2760, and GDS2951 for FUS1/TUSC2 at http:// www.ncbi.nlm.nih.gov/sites/entrez). Based on these data and the dual role of TUSC2 as an immune regulator and tumor suppressor it may be suggested that TUSC2 suppression during tumor growth may be caused my multiple factors and in different cells, namely immune cells present at the site of inflammatory tumor and cancer cells where the effect of LOH is further aggravated by ROS and hypoxia (Fig. 5B) .
The role of TUSC2 as a tumor suppressor in lung cancer is widely accepted [16] [17] [18] . TUSC2 delivered in lipid-based nanoparticles drastically reduced the number and size of human non-small cell lung cancer tumors in mice [19] .
The TUSC2 nanoparticles are being tested in a phase 1 safety and dose-escalation clinical trial at the M. D. Anderson Cancer Center for patients with advanced non-small cell lung cancer [32] .
To provide insight into the pathways and genes affected by TUSC2 in MPM, we performed expression microarray profiling of mesothelioma cells transfected with TUSC2. 
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Comparison between expression array data sets reveals 44 concordantly regulated gene Opposite directions of TUSC2 targets modulation in HP2595/TUSC2 versus mesothelioma tumors Table 4 . B. Representative plots for genes down-regulated in mesothelioma with high p-value, but upregulated by TUSC2. C. Representative plots for genes upregulated in mesothelioma with high p-value, but down regulated by TUSC2. Each plot shows Affymetrix IDs for each gene probes and respective p-value.
As a result, we delineated several groups of genes under the TUSC2 control. Interestingly, genes involved in chromatin modulation, nucleosome assembly and histone acetylation demonstrated the most robust p-values (0.04 < p < 1.3E-06) indicating that TUSC2 transcriptional effects are most likely mediated via epigenetic modulation of chromatin function. In addition, forced expression of TUSC2 affected genes involved in cell cycle regulation, differentiation, and cell growth (0.01 < p < 0.0008) suggesting that TUSC2 possesses principal tumor suppressor properties. Finally, among newly identified TUSC2 targets we isolated more than 40 genes that may play important but not yet established roles in NK, dendritic cells, and Tand B-lymphocytes activity. Looking for molecular mediators that may be relevant to lupus-like autoimmune phenotype observed in our TUSC2 knockout model [15] we noticed that at least two putative TUSC2 targets, CD24 and CD274/PD-L1/B7-H1 that regulate immunogenic T and B cells, are linked with systemic autoimmune diseases such as SLE, MS, and others [33] [34] [35] [36] [37] [38] . Based on many studies, overexpression of CD274 in common cancers helps tumor progression contributing to evasion from immune surveillance [39] . Our data suggest that TUSC2 is a potent suppressor of this key immunoreceptor (Table 3 and Fig.  3 ). Since blocking of CD274 is now actively pursued as a novel immunotherapy [40, 41] , we suggest that TUSC2 may also have important immunotherapeutic implications.
Our study on the TUSC2 role in mesothelioma underlines two modes of its biological activity: as a "classical" tumor suppressor capable of regulating vital cellular processes such as cell growth, differentiation, and death; and as an immune system regulator that affects multiple genes expressed in lymphocyte compartments. Characterization of a DNA-binding domain in the TUSC2 molecule makes it possible to further analyze its transcriptional activities through mutational analysis. The similarity between TUSC2 and IRF7 is especially important since this IFNactivated transcriptional factor is a principal component of the anti-viral response initiated in mitochondria [42, 43] . Since TUSC2 is a mitochondrial protein, our findings support an important role for mitochondria in the immune defense against cancer and bring to light previously unrecognized molecular components of mitochondrial immunity.
Conclusion
TUSC2 is a novel tumor suppressor from the critical 3p21.3 chromosomal region frequently deleted in multiple cancers that plays a critical role in lung cancer development. While clinical trial on restoration of TUSC2 activities in lung cancer patients is underway, its status and role in mesothelioma, an aggressive thoracic inflam- We demonstrated earlier that Tusc2-deficient mice display a complex immuno-inflammatory phenotype with a predisposition to cancer. The data presented here provide the first evidence that the TUSC2 protein plays an essential tumor suppressive role in asbestos-induced mesotheli-oma. This conclusion is supported by the decreased TUSC2 levels in the majority of MPM specimens and down-regulation of TUSC2 expression by asbestos-generated reactive oxygen species (ROS). On the molecular level, we associated TUSC2 with activation of multiple tumor-suppressor genes, down-regulation of oncogenes, and modulation of numerous immune genes. Overall, our study suggests that restoration of TUSC2 activities in MPM patients may have important therapeutic implications. 
Methods
Mesothelioma specimens and RNA isolation
Immunohistochemical staining
Rabbit anti-TUSC2 polyclonal antibodies used for immunohistochemical staining were raised against a synthetic oligopeptide derived from NH 2 -terminal amino acid sequence (NH 2 -GASGSKARGLWPFAAC) [16] . Formalinfixed and paraffin-embedded tissue histology sections (5 μm thick) were deparaffinized, hydrated, and heated in a steamer for 10 min. with 10 mmol/L of sodium citrate (pH 6.0) for antigen retrieval. Peroxide blocking was done with 3% H 2 O 2 in methanol at room temperature for 15 min, followed by 10% bovine serum albumin in TBS-t for 30 min. The slides were incubated with primary antibody at a 1:400 dilution for 65 min at room temperature. After washing with PBS, incubation with biotin-labeled secondary antibody for 30 min followed. Finally, the samples were incubated with a 1:40 solution of streptavidin-peroxidase for 30 min. The staining was then developed with 0.05% 3',3-diaminobenzidine tetrahydrochloride prepared in 0.05 mol/L of Tris buffer at pH 7.6 containing 0.024% H 2 O 2 and then counterstained with hematoxylin. Normal mesothelial tissue was used as a positive control. For a negative control, we used the same specimens used for the positive controls, replacing the primary antibody with PBS.
Subcellular and tissue distribution of the TUSC2 protein
TUSC2 immunostaining was detected in the cytoplasm of mesothelial and tumor cells ( Fig. 1 ). Immunohistochemical expression was quantified in a blinded fashion by two independent pathologists (LP and DN) using a four-value intensity score (0, 1+, 2+, and 3+) and the percentage of the reactivity. A consensus value on both intensity and reactivity was reached by the two independent observers. A final consensual score was obtained by multiplying both intensity and extent of reactivity values (range, 0-300), and four levels of staining were calculated based on that score: (a) negative (score 0), (b) low (score ≤ 100), (c) intermediate (score > 100 to ≤ 220), and (d) and high (score > 220) expressions.
ROMA and data processing
Since FUS1 has been previously associated with the 3p21.3 deletion in lung and other cancers [10] , we used our previously produced Representational Oligonucleotide Microarray Analysis (ROMA) data [23] for assessment of this association in MPM specimens. ROMA, as compared to other array comparative genomic hybridization (aCGH) technologies, is better suited for translational research due to its higher sensitivity [44] . The arrays used for the ROMA analyses and data processing were described previously [44] . Briefly, for ROMA analysis, 27 snap-frozen specimens (22 tumor and 5 normal) derived from 22 patients with MPM were used to produce 27 DNA samples. 4 out of 5 normal samples were tumor-matched. DNA from snap-frozen tissues was isolated with QIAamp mini-kit (Qiagen, Valencia, CA) and assayed for concentration and quality using Victor3 microplate reader (Perk-Molecular and biological properties of TUSC2 Figure 5 Molecular and biological properties of TUSC2. A. Similarity with the interferon regulatory factor IRF7 suggests DNAbinding property for TUSC2. N-terminus of TUSC2 shows ~40% identity with the IRF7 segment that contains a DNA-binding site (framed). Histogram shows positions conserved in the IRF protein family. The arginine residue (R) conserved throughout the IRF protein family is marked with asterisk. B. Different mechanisms of TUSC2 down-regulation in tumor and immune cells. Modulation of TUSC2 in tumor and host immune cellular compartments may contribute to tumor growth via blocking TUSC2 tumor suppressive or immune-regulatory properties.
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